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Abstract The purpose of the study was to investigate the
interactions between two stimuli—menthol and nicotine—
both of which activate the olfactory and the trigeminal
system. More speciﬁcally, we wanted to know whether
menthol at different concentrations modulates the percep-
tion of burning and stinging pain induced by nicotine
stimuli in the human nose. The study followed an eightfold
randomized, double-blind, cross-over design including 20
participants. Thirty phasic nicotine stimuli at one of the
two concentrations (99 and 134 ng/mL) were applied
during the entire experiment every 1.5 min for 1 s; tonic
menthol stimulation at one of the three concentrations (0.8,
1.5 and 3.4 lg/mL) or no-menthol (placebo control con-
ditions) was introduced after the 15th nicotine stimulus.
The perceived intensities of nicotine’s burning and stinging
pain sensations, as well as perceived intensities of men-
thol’s odor, cooling and pain sensations, were estimated
using visual analog scales. Recorded estimates of stinging
and burning sensations induced by nicotine initially decreased
(ﬁrst half of the experiment) probably due to adaptation/
habituation. Tonic menthol stimulation did not change
steady-state nicotine pain intensity estimates, neither for
burning nor for stinging pain. Menthol-induced odor and
cooling sensations were concentration dependent when
combined with low-intensity nicotine stimuli. Surprisingly,
this dose dependency was eliminated when combining
menthol stimuli with high-intensity nicotine stimuli. There
was no such nicotine effect on menthol’s pain sensation. In
summary, we detected interactions caused by nicotine on
menthol perception for odor and cooling but no effect was
elicited by menthol on nicotine pain sensation.
Keywords Pain  Nasal irritation  Sensitization 
Transient receptor potential channel  Nicotinic
acetylcholine receptor
Introduction
In humans, taste and smell experiences are rarely elicited
by just one chemical compound. For instance, sipping a
glass of wine activates olfactory, gustatory, as well as
somatosensory receptors, because food and beverages are
composed of complex mixtures of ﬂavors embedded in
sophisticated matrices. In addition, recent evidence sug-
gests that ﬂavors do not act in isolation but rather inﬂuence
each other’s perception and they can even change detection
thresholds (Dalton et al. 2000; Diamond et al. 2005).
This paper focuses on the perception of chemicals in the
human nose. Within the somatosensory system, interac-
tions can occur on the same primary afferent nerve ﬁber
through the activation of different receptor types, some-
times even by a single compound. Cross-modal interactions
between the olfactory and somatosensory systems might
happen at higher levels of the neuronal network (Cain and
Murphy 1980; Schaefer et al. 2002), as well as in the
periphery involving axon reﬂexes that do not require syn-
aptical transmission (Bayliss 1901; Bouvet et al. 1987;
Finger and Bottger 1993; Silver and Finger 2009). Poly-
modal activities caused by single-ﬂavor compounds seem
to be a normal occurrence, because ﬁnding a compound
that only activates one sensory channel, for example,
olfaction, can be quite a challenge (Doty et al. 1978).
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receptors (minty smell) and the (trigeminal) somatosensory
system (cooling and pain). Menthol’s stimulating properties
are complex, as different sensory modalities and qualities—
smell, cooling and pain—do not have the same threshold.
Low concentrations just above the detection threshold acti-
vate the olfactory receptors, which results in odor sensation;
medium concentrations evoke a cooling sensation in addi-
tion to the smell; and higher concentrations add a pain
sensation in addition to the smell and cooling (Cliff and
Green 1994; Kobal et al. 2000).
At the molecular level, it is now well established that
menthol’s cooling sensation is mediated through transient
receptor potential melastatin type 8 (TRPM8) channel
activation (Peier et al. 2002; McKemy et al. 2002), while
its pain sensation results from the activation of transient
receptor potential ankyrin type 1 (TRPA1) channels.
Recently, it has been reported that nicotine at high
concentrations activates TRPA1 channels (Talavera et al.
2009). It is also well known that nicotine activates other
nociceptive transducers such as transient receptor potential
vanilloid 1 (TRPV1) channels (Liu et al. 2004) and nico-
tinic acetylcholine receptors (nAChRs) (Renner et al. 1998;
Thuerauf et al. 1999;Alimohammadi and Silver 2000;
Thuerauf et al. 2006). Since both menthol and nicotine
appear to activate TRPA1 channels in a similar manner
(reversible, non-reactive), there is the possibility for
TRPA1 channel interaction between these two compounds
and, consequently, the modulation of perceived pain. A
desensitizing effect of menthol on nicotine-induced acti-
vation of TRPA1 channels was recently observed in cul-
tured cells overexpressing TRPA1 channels (Karashima
et al. 2007; Talavera et al. 2009).
To our knowledge, the only study that has investigated
the interaction between menthol and nicotine on human
sensory perception was conducted by Dessirier et al.
(2001), by applying both compounds to participants’ ton-
gues. They found that the intensity of perceived irritation
from nicotine was signiﬁcantly diminished by pre-treat-
ment with menthol. Since this study only covers a speciﬁc
situation of potential menthol/nicotine interactions, more
investigations need to be conducted to further our under-
standing of underlying mechanisms (Brand 2006; Kreslake
and Yerger 2010).
In this present study, we examined the interaction
between menthol and nicotine, which has been shown to
exert multiple sensations in a concentration-dependent
manner (Hummel et al. 1992; Thuerauf et al. 2000). Using
an established model for the assessment of interactions
between carbon dioxide (CO2) and menthol (Kobal et al.
2000), we here investigated the effects of stimulation with
three concentrations of menthol (eliciting odor, cooling and
pain sensations) on the intensity perception of nicotine
stimuli presented at two concentrations (eliciting burning
and stinging pain sensations). We thought that the usage of
different levels of nicotine and menthol associated with
different sensory qualities would provide a broader view on
potential interactions and sensory outcomes and further our
understanding of menthol and nicotine effects on the
human chemical senses.
Materials and methods
In this study, we applied state-of-the-art stimulation and
recording technologies. Stimuli were applied by an olfac-
tometer that enabled exact and reproducible presentation of
menthol and nicotine with deﬁned time characteristics
(Kobal and Plattig 1978; Kobal 1981, 1985; Johnson and
Sobel 2007). Recordings were fully computerized includ-
ing monitoring of participants’ vigilance and attention
(Kobal et al. 1990; Renner et al. 2007).
Stimulation
Chemosensory nasal stimuli were applied using an olfac-
tometer (OM4, Burghart Instruments, Wedel, Germany),
which allowed the application of chemical stimuli without
causing concomitant stimulation of mechano- or thermo-
receptors (Kobal 1985). Thirty short (phasic) nicotine
stimuli (one of the two concentrations at 99.14 ng/mL
±7 % and 133.57 ng/mL ±13 % measured by high-per-
formance liquid chromatography [HPLC]; nicotine embedded
in nitrogen) were applied to the left nostril (interstimulus
interval of 1.5 min, stimulus duration of 1 s). The rise time
of the stimulus concentration was below 100 ms (Thurauf
et al. 1995). The olfactometer was operated with standard
parameters (ﬂow rate: 140 mL/min; humidity: C80 %
relative humidity; temperature: 36.5  C). The two con-
centrations were selected based on previous ﬁndings
(Hummel et al. 1992; Thuerauf et al. 2000). Nicotine exerts
smell sensations at levels just above the detection thresh-
old. With increasing concentrations, nicotine additionally
evokes a burning sensation. At even higher concentrations,
nicotine elicits a distinguishable, sharp, stinging pain in
addition to the odor and burning sensations. The two
concentrations chosen for this study exerted smell and
burning sensations at the lower concentration and a greater
level of stinging sensation at the higher concentration. We
believe that the burning pain is due to C-ﬁber activation,
while the stinging pain is due to A-delta ﬁber activation
(Thuerauf et al. 1999).
Tonic menthol stimuli were applied in the second half of
the experiment after the 15th nicotine stimulus. As in the
pilot study, where we used CO2 instead of nicotine (Kobal
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123et al. 2000), three different concentrations of menthol were
selected. The lowest concentration of 0.8 lg/mL was
determined in the pilot study to be just above the olfactory
detection threshold. The medium concentration of 1.5 lg/mL
elicited an additional cooling sensation, and the highest
concentration of 3.4 lg/mL added a ‘cutting’ pain sensation.
In each of the experimental sessions, only one concentra-
tion of nicotine was combined with one concentration of
menthol.
The concentrations for menthol and nicotine at the outlet
of the olfactometer were routinely checked using analytical
procedures previously described (Thurauf et al. 1995,
1999) as part of our quality assessment for clinical studies.
Test substances
Optically and chemically pure ([99 % measured by HPLC)
S(-) nicotine was stored in glass tubes in a nitrogen atmo-
sphere(-20  C)untiltheexperimentswerestarted(Dr.Mark,
Chemisches Laboratorium, Worms, Germany). Crystalline
L(-)m e n t h o l( [99 % measured by gas chromatography
[GC]) was dissolved in 1,2 propanediol (C99.5 % measured
by GC) and was replaced before each experiment (Sigma
Aldrich Chemie GmbH, Steinheim, Germany). Nitrogen
(purity[99.9 %) and CO2 (purity[99.9 %) gases were used
to run the olfactometer (Messer Griesheim GmbH, Krefeld,
Germany).
Psychophysical estimates and training
We trained participants to recognize the ﬁve different
sensations associated with nicotine and menthol stimula-
tion in the nose. Nicotine stimuli used in this experiment
elicited a burning and stinging pain sensation, which was
different to the more cutting pain sensation elicited by
higher levels of menthol. Also, the nicotine stimuli were of
a short duration (1 s) compared with the sensations elicited
by menthol that lasted throughout the second half of the
experiment but were absent in the ﬁrst half (Fig. 1). Minty
odor and cooling sensations were different to the other
sensations participants experienced during this study. All
participants became familiar with the ﬁve different sensa-
tions and could identify each one correctly at the end of the
training session.
Participants were instructed to estimate both the inten-
sity of the burning and the stinging pain after each nicotine
stimulus on two separate visual analog scales (VAS) dis-
played on a computer screen. This resulted in a series of
30 estimates for each of the two nicotine concentrations
(Figs. 1 and 2). Immediately after estimating nicotine
burning and stinging intensities, participants estimated
odor, cooling and pain intensities associated with menthol
on a new computer display. This resulted in a series of
thirty estimates for each concentration of menthol and
placebo control and for each of the two nicotine concen-
trations used (Fig. 1). Participants did not know (a) which
nicotine level or which menthol level was actually applied,
(b) that concentrations for nicotine were maintained
throughout the experimental session, (c) that the menthol
concentration did not change once it was switched on and
(d) at what time menthol was switched on.
As described above, we used two sets of VASs that were
displayed as columns on a computer screen in front of the
participants. They were trained to adjust the size of the
columns to the level of perceived intensity by using a
joystick. The initial size of a displayed column was equal
to 100 estimation units (EU). At the beginning of each
experimental session, the size of the column was anchored
to a pain sensation elicited by CO2 (60 % v/v, 500 ms
duration) and applied using the same olfactometer. Reducing
the size of the column to nothing (0 EU) meant that
no stimulus was detected. Elongating it above the initial
size meant that the perceived intensity was higher than
the initial anchoring sensation. The maximum length of the
column was twice the original size and assigned to the
value of 200 EUs. This and similar methods have been used
in numerous studies carried out previously in pain research
(Kobal and Hummel 1989; Kobal et al. 1990; Renner et al.
2007).
During the entire experiment, participants wore ear-
phonesthroughwhichtheyheardwhitenoise(50 dBSPL)in
order to cover the switching sounds coming from the olfac-
tometer. They were also asked to perform a simple tracking
task on the same computer screen once they had completed
their intensity estimations. For that, they used the same
joystick to keep a small red square inside a larger green one
that randomly moved around on the computer screen (Kobal
et al. 1990). This procedure helped to stabilize the partici-
pants’ vigilance and attention but the corresponding data
were not analyzed further.
Acoustic rhinometry
Nasal cavity geometry was assessed using acoustic rhi-
nometry before and after each experiment. This provided
information on changes in the size of the cross-section
along the depth of the nasal cavity and enabled us to
obtain information about potential effects of the different
stimulation conditions on the volume of the nasal cavity
(Rhinoklack, STIMOTRON Instruments, Wendelstein,
Germany).
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Each study session started at the same time, either in the
morning or in the afternoon, with an assessment of par-
ticipants’ health status and eligibility regarding a reduced
set of exclusion and inclusion criteria (see below).
Throughout the experimental session (‘the experiment’),
which lasted at least 45 min, 30 phasic nicotine stimuli
were applied every 1.5 min with a 1-second duration
(Fig. 1). Within each session, held on a separate day, only
one of the two nicotine concentrations was used. Halfway
through the experiment (i.e., after 22.5 min), the continu-
ous background air ﬂow into which the olfactometer
embedded the short nicotine pulses was switched from
clean air to one of the four menthol (diluted in air)
conditions:
• Condition 1: clean air was continued without menthol
(no menthol/placebo control)
• Condition 2: clean air was replaced by menthol in the
air at a concentration of 0.8 lg/mL (menthol-low)
• Condition 3: same as condition 2 except menthol in the
air was presented at a concentration of 1.5 lg/mL
(menthol-medium)
• Condition 4: same as conditions 2 and 3 except men-
thol in the air was presented at a concentration of
3.4 lg/mL (menthol-high)
Hence, each of the four menthol conditions was com-
bined with one of the two nicotine concentrations resulting
in eight conditions and sessions on eight different days
(Fig. 1). All eight conditions were randomized using a
Latin square procedure in order to eliminate any carry-over
effects. The wash-out period between experiments was at
least 3 days.
Participants’ age was restricted to 21–45 years, and they
were required to stay within ±20 % of their ideal body
weight. Participants were excluded if they had any allergies
requiring therapy, chronic or acute infections, had taken
any medication within 2 weeks prior to the study or any
concomitant medication (except oral contraceptives), had
any drug or alcohol abuse problems, gravidity, lactation,
relevant loss of blood within 1 month before experiments,
any liver or renal diseases, or bronchial asthma.
During initial screening before inclusion into the study,
participants’ health was checked by medical history
assessment, physical examination, laboratory tests (blood
chemistry and hematology, urine analysis, pregnancy test)
Fig. 1 Experimental ﬂow chart. During each experimental session, 30
phasic nicotine stimuli were applied to the nasal mucosa using an
olfactometer (stimulus duration of 1 s; interstimulus interval of
1.5 min). Within one session, only one of the two nicotine concentra-
tions was used (99 ng/mL or 134 ng/mL). In the second half of the
session (i.e., after 22.5 min), the continuous background air ﬂow was
switched from clean air to one of the four menthol conditions (no
menthol: placebo control; menthol-low: 0.8 lg/mL; menthol-medium:
1.5 lg/mL; menthol-high: 3.4 lg/mL). Each of the four menthol
conditions was combined with one of the two nicotine concentrations.
All these combinations resulted in eight experimental sessions on eight
different days. Acoustic rhinometry was performed in each participant
before and after each session. On the VAS, participants rated the
stinging and burning pain elicited by nicotine as well as odor, cooling
and pain sensations caused by tonic background menthol stimulation
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123and measurements of vital signs (blood pressure, pulse,
electrocardiogram [ECG]). Patients were excluded if any
deviations from normal were identiﬁed or if they were
pregnant. At the end of the study, participants were
examined again using laboratory tests before being dis-
charged. Participants were instructed to abstain from
smoking and other trigeminal sensory irritants, such as
spicy food and alcoholic beverages, for at least 8 h prior to
the study.
In summary, the study was performed following a con-
trolled eightfold, double-blind, cross-over design (blinded
forthe participantsandthe scientist whoevaluatedthedata).
Twenty healthy adult smokers (smokers on a regular basis
smoking at least two non-menthol cigarettes per day; 10
males and 10 females) aged between 21 and 33 years were
included. The study was conducted at the Institute of
Experimental and Clinical Pharmacology and Toxicology,
University Erlangen-Nu ¨rnberg, Germany. The protocol was
approved by the Institutional Review Board (IRB) of the
University, and the study was conducted according to the
Declaration of Helsinki on biomedical research involving
human subjects (Somerset West amendment 2000). All
participantsgavetheirwritteninformedconsentpriortotheir
inclusion in the study.
Statistical analysis
A general linear mixed model for repeated measures was
used to ﬁt and analyze the data. Time, treatment (i.e.,
stimulation with menthol) and treatment by time interac-
tion were used as terms in the model. Participants’ sex was
also considered with the aforementioned terms for speciﬁc
models. Since each subject’s data consisted of correlated
longitudinal proﬁles, the covariance structure that provided
the best ﬁt for the data by comparing the associated
Akaike’s Information Criterion (AIC) values was identi-
ﬁed. The restricted maximum likelihood estimation was
used for the linear mixed models. The Tukey–Kramer
method for pairwise comparisons of stimulations was used
for P value adjustments.
Missing data for our analyses were assumed to have
gone missing at random. A linear mixed model for repe-
ated-measures analysis of variance (ANOVA) was also
used to test for the differences in scores (ﬁrst half of
Fig. 2 Time course of estimated mean values (19 participants) of pain
intensity estimates for 30 nicotine stimuli of low (99 ng/mL) and high
(134 ng/mL) concentrations that were presented throughout the entire
experimental session. Interstimulus interval: 1.5 min; total duration of
experiment: 45 min. During the second half of each experimental
session,anadditionaltonicmentholbackgroundstimuluswasswitched
on (shadowed) and maintained throughout the rest of the experiment.
Three concentrations of menthol (menthol-low: 0.8 lg/mL, menthol-
medium: 1.5 lg/mL and menthol-high: 3.4 lg/mL) and a fourth
conditionwithcleanair(nomenthol)asplacebocontrolwerecombined
with each of the two nicotine concentrations resulting in a total of eight
experiments. Participants estimated the burning pain and stinging pain
sensation elicited by nicotine separately on visual analog scales (VAS)
after each nicotine stimulus. After an initial sensitization, there was a
uniform decline in perceived pain intensity (burning and stinging) that
was not modulated by the background menthol/placebo control
conditions (EU = estimation unit). The estimated mean values were
derived from a linear mixed model for repeated measures using a least-
square means statement
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menthol stimulation] between the treatments [i.e., placebo
versus menthol stimulation]). In addition, the data are
presented as mean estimates with corresponding 95 %
conﬁdence intervals for both halves of the experiment.
The association between menthol concentrations (low,
mediumandhigh)andeachmentholsensation(odor,cooling
and pain) was sorted by nicotine stimuli conditions (low
nicotine and high nicotine) and assessed using a linear trend
analysis. Least-squared means for a factor were obtained
assuming that the levels of other factors were equally rep-
resented. Statistical signiﬁcance was evaluated at P\0.05
for all analyses. SAS
  (Version 9.1.3) was used to perform
thestatisticalanalysis.SAS
 ProcMixedwasusedforallthe
analyses, except the trend analysis where the SAS
  Proc
GLM procedure was used.
Results
Nineteen of the 20 participants were included in the sta-
tistical evaluation. Due to technical problems, VAS data
from one individual were lost. Table 1 summarizes the
demographic characteristics of the participants, including
age, body weight and height, and BMI. No stimulation-
related adverse events were observed.
Psychophysical data
A general linear mixed model for repeated measures was
used to ﬁt the psychophysical data. The model terms were
time, treatment (i.e., stimulation with menthol) and treat-
ment by time. Since each subject’s data consisted of cor-
related longitudinal proﬁles, the covariance structure that
provided the best ﬁt for the data by comparing the
associated AIC values (i.e., AIC values and -2 log like-
lihood scores) was the autoregressive covariance structure
(ﬁrst order).
Nicotine intensity estimates and potential modulation
by menthol
Nicotine stimuli (1-second duration) were clearly per-
ceived by all participants. The time courses of intensity
estimates for both painful sensations (burning and stinging)
are shown in Fig. 2. Estimated mean values of intensity
ratings for the low and high nicotine concentrations across
participants are plotted against time, that is, the number of
stimuli (interstimulus interval was 1.5 min), separately for
both pain sensations (i.e., burning and stinging). In all
conditions, an initial increase in intensity estimates of
stinging and burning for both nicotine concentrations was
followed by a slow decrease in both ratings. This time
effect was signiﬁcant for all conditions during the ﬁrst half
of experiment (effect time ‘pre’; F values = 3.13–3.99;
P value = P\0.0001; Table 2) but not for the second
half, indicating that pain perception had reached a steady
state. Switching on menthol stimulation in the second half
of the experiment did not inﬂuence pain estimates of
nicotine—neither burning nor stinging pain ratings (see
Fig. 2; Table 2).
In Figure 3, the mean intensity estimates for the ﬁrst
half of the experiment (‘pre’ menthol stimulation) are
compared with the mean intensity estimates of the second
half of the experiment (‘during’ menthol stimulation).
Visible differences in baseline (ﬁrst half of experiment)
were accounted for by comparing the mean differences
between pre and during menthol stimulation using a general
linear model where the term in the model was treatment.
This again did not result in any statistically signiﬁcant
effects of menthol on nicotine pain sensations with one
exception; nicotine estimates for stinging pain (in the high-
nicotine condition) decreased more in the no-menthol
condition compared with the menthol-medium condition
(see Fig. 3 bottom row second panel from the left). This
treatment effect reached the level of signiﬁcance (mean
difference estimates for no menthol versus menthol-med-
ium: 27.4 EU versus 17.8 EU, 95 % CI: 22.79–32.10
versus 13.23–22.28, P = 0.0182).
Menthol intensity estimates and potential modulation
by nicotine
Tonic menthol stimulation in the second half of the
experiment was clearly perceived by all participants. The
concentration of menthol did not change once it was
switched on. The time course of intensity estimates for all
three sensations elicited by menthol—minty odor, cooling
Table 1 Descriptive characteristics of the study population
Variable Male n = 10 Female n = 10 Overall n = 20
Age (years)
Mean ± SD 27.50 ± 3.24 23.20 ± 1.32 25.35 ± 3.27
(Min–max) (24–33) (21–25) (21–33)
Weight (kg)
Mean ± SD 71.20 ± 10.89 63.30 ± 7.15 71.20 ± 10.89
(Min–max) (51–95) (51–72) (51–95)
Height (cm)
Mean ± SD 182.20 ± 8.70 173.20 ± 5.73 177.70 ± 8.53
(Min–max) (170–200) (167–183) (167–200)
BMI (kg m
-2)
Mean ± SD 23.90 ± 1.45 21.00 ± 2.67 22.45 ± 2.56
(Min–max) (21–26) (16–25) (16–26)
SD standard deviation, BMI body mass index
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in the second half of the experiment, an initial increase in
odor intensity estimates was followed by a slow and
statistically signiﬁcant decrease in perceived intensity
(effect time Table 3; low nicotine (LN): F = 6.27,
P\0.0001, high nicotine (HN): F = 6.49, P\0.0001
Table 2 Statistical summary for nicotine pain intensity estimates
Nicotine pain
sensation
Time effect Menthol stimulation effect Interaction time by stimulation
P value (F value) P value (F value) P value (F value)
All Pre During All Pre During All Pre During
Stinging (LN) \0.0001 (3.91) \0.0001 (3.54) 0.09 (1.56) 0.75 (0.41) 0.70 (0.47) 0.99 (0.04) 0.99 (0.64) 0.96 (0.66) 0.95 (0.67)
Stinging (HN) \0.0001 (3.41) \0.0001 (3.13) 0.67 (0.41) 0.85 (0.26) 0.75 (0.40) 0.92 (0.41) 0.38 (1.04) 0.23 (1.16) 0.46 (0.41)
Burning (LN) \0.0001 (3.01) \0.0001 (3.33) 0.36 (1.09) 0.95 (0.11) 0.88 (0.22) 0.99 (0.00) 0.82 (0.86) 0.52 (0.97) 0.87 (0.76)
Burning (HN) \0.0001 (3.35) \0.0001 (3.99) 0.65 (0.81) 0.21 (1.56) 0.50 (0.80) 0.68 (0.50) 0.95 (0.76) 0.49 (0.99) 0.99 (0.46)
P values were derived from a linear mixed model for repeated measures; statistical signiﬁcance was evaluated at P\0.05. LN, low nicotine;
HN, high nicotine
All = whole experimental session (stimulus: 0–30), pre = ﬁrst half of experiment (stimulus: 1–15) and during = second half of experiment
(i.e., during menthol application; stimulus: 16–30)
Fig. 3 Mean values (and 95 % conﬁdence intervals) of all intensity
estimates(19 participants) ofthe ﬁrsthalf ofthe experiment (pre: before
mentholorplacebocontrolwasswitchedon)comparedwithmeanvalues
of all intensity estimates of the second half of the experiment (during:
after menthol or placebo control was switched on) for ﬁve different
sensationsmeasuredineightexperimentalconditions.Nicotineintensity
ratings show a clear decline from ‘pre’ to ‘during’ indicating desensi-
tization in all experimental conditions without the inﬂuence of menthol
stimulation.Mentholintensityratingsthatwereclosetozeroforallthree
sensationsintheﬁrsthalfoftheexperimentandcontinuedtostaytherein
theplacebo(no-menthol)condition,butincreasedtodifferentlevelsafter
menthol was switched on except for odor and cooling sensations, while
high nicotine stimuli were concomitantly presented (VAS = visual
analog scale; EU = estimation unit). The estimated mean values were
derived from a linear mixed model for repeated measures using a least-
square means statement
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compared with odor intensity estimates, but these changes
were also statistically signiﬁcant with time (effect time
Table 3; LN: F = 2.44, P = 0.002; HN: F = 2.34,
P = 0.004 and Fig. 4). Pain estimates only marginally
decreased or even slightly increased, namely for the strong
menthol stimulation. These slight changes did not reach a
statistical signiﬁcance (effect time Table 3; LN: F = 1.52,
P = 0.10; HN: F = 0.68, P = 0.80 and Fig. 4).
Interestingly, while a concentration-dependent effect of
menthol on all intensity estimates (odor, cooling and pain)
was observed (Fig. 4), during stimulation with the lower
nicotine concentration, this concentration dependence dis-
appeared for odor and cooling intensity estimates during
Fig. 4 Timecourseofestimatedmeanvalues(19participants)ofodor,
cooling and pain intensity estimates for menthol and placebo control.
Thirty nicotine stimuli of low (99 ng/mL) and high (134 ng/mL)
concentration were presented throughout the entire experimental
session. Interstimulus interval: 1.5 min; total duration of experiment:
45 min. During the second half of each experimental session, an
additional tonic menthol background stimulus was switched on
(shadowed) and maintained throughout the rest of the experiment.
Three concentrations of menthol (menthol-low: 0.8 lg/mL, menthol-
medium: 1.5 lg/mL and menthol-high: 3.4 lg/mL) and a fourth
conditionwithcleanair(nomenthol)asplacebocontrolwerecombined
with each of the two nicotine concentrations resulting in a total of eight
experiments. Participants estimated the smell, cooling and pain
sensation elicited by menthol separately on visual analog scales
(VAS)aftereachnicotinestimulus.Intheﬁrsthalfoftheexperiment,all
estimates were close to zero. In the second half, estimates remained at
this level for placebo control (no menthol), but increased to different
levels after menthol was switched on. In the case of the high-nicotine
condition,theodorandcoolingestimatesincreasedtothesamelevelfor
all menthol concentrations (EU = estimation unit). The estimated
mean values were derived from a linear mixed model for repeated
measures using a least-square means statement
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dition, participants did not seem to be able to discriminate
between the different menthol concentrations with respect
to odor and cooling. However, with the pain estimates, this
surprising inﬂuence of nicotine levels on menthol percep-
tion was absent. For the pain sensation, participants were
still able to recognize the stronger menthol stimuli (that
were designed to be painful) and distinguish them from the
pain elicited by the medium and low menthol concentra-
tions (that were designed to have virtually no pain sensa-
tion). Interestingly, the menthol-medium level seemed to
elicit less pain than the menthol-low level. This was sup-
ported by the statistical analysis on menthol intensity
estimates, which is summarized in Table 3.
Although apparent when visualizing the data (Fig. 4,
low-nicotine condition), the discrimination between men-
thol levels did not reach statistically signiﬁcant levels for
odor intensity estimates in this comparison. However,
when evaluating the data using a linear trend analysis,
the observed effect became very clear. A statistically sig-
niﬁcant linear trend for intensity estimates for all three
sensations elicited by menthol under low-nicotine condi-
tions (Table 4; odor: F = 21.49, P\0.0001; cooling:
F = 63.91, P\0.0001; pain: F = 21.91, P\0.0001) was
observed, but under the high-nicotine conditions only
the menthol pain intensity estimates showed a statisti-
cally signiﬁcant linear trend (Table 4; odor: F = 0.58,
P = 0.45; cooling: F = 0.31, P = 0.58; pain: F = 50.26,
P\0.0001).
In Fig. 3, the mean estimates of menthol responses again
showed the effect that concomitant nicotine stimuli at the
higher concentration resulted in a different cooling
perception compared with nicotine stimuli at the lower
concentration, that is, taking away the differentiation
between different levels of menthol. Menthol’s odor inten-
sity estimates were similar.
Sex effects
For the nicotine pain intensity estimates, the effect of sex
reached signiﬁcant levels in the low-nicotine condition
for both burning (mean for males: 44.88 EU, 95 %CI:
38.99–50.76; mean for females: 30.5 EU, 95 % CI:
24.85–36.14;F = 12.65,P = 0.0007)andstinging(meanfor
males: 38.89 EU, 95 % CI: 35.65–44.13; mean for females:
29.32 EU, 95 % CI: 25.25–33.38; F = 13.07, P = 0.0006)
pain estimates.
For menthol pain intensity estimates, we observed a
signiﬁcant effect of sex (F = 5.27, P = 0.0247) during the
second half of the experiment with higher pain estimates in
males (mean 21.24 EU, 95 % CI: 13.35–29.13) compared
with females (mean 8.88 EU, 95 % CI: 1.27–16.49) under
the low-nicotine condition.
Acoustic rhinometry
Due to technical reasons, four of 20 participants could not
be evaluated statistically for changes in nasal cavity
volume. We observed a tendency for reduced nasal vol-
umes in the stimulated left side compared with the non-
stimulated right side during the low-nicotine condition
in all menthol conditions (effect side of stimulation: F =
-3.82, P = 0.05; volume left versus right: mean change =
-0.58 versus 0.06 mL, 95 % CI: -0.98 to -0.17 versus
Table 3 Statistical summary for menthol intensity estimates during menthol application
Menthol
sensation
Time effect Menthol stimulation effect Interaction
time by
stimulation Overall Pairwise comparisons
ML versus MM ML versus MH MM versus MH P value
(F value)
P value
(F value)
P value
(F value)
Odor (LN) \0.0001 (6.27) \0.0001 (14.38) P = 0.22 (t69 = 1.23) P = 0.09 (t69 =- 1.69) P = 0.62 (t69 =- 0.50) 0.04 (1.42)
Odor (HN) \0.0001 (6.49) \0.0001 (10.53) P = 0.86 (t62 = 0.17) P = 0.80 (t62 = 0.25) P = 0.94 (t62 = 0.07) 0.002 (1.79)
Cooling (LN) 0.002 (2.44) \0.0001 (35.56) P = 0.05 (t69 =- 1.98) P = 0.005 (t69 =- 2.94) P = 0.31 (t69 =- 1.01) 0.26 (1.14)
Cooling (HN) 0.004 (2.34) \0.0001 (17.62) P = 0.87 (t62 = 0.17) P = 0.96 (t62 = 0.05) P = 0.83 (t62 = 0.22) 0.08 (1.32)
Pain (LN) 0.10 (1.52) 0.005 (4.67) P = 0.40 (t69 = 0.85) P = 0.09 (t69 =- 1.72) P = 0.01 (t69 =- 2.63) 0.52 (0.97)
Pain (HN) 0.80 (0.68) 0.0003 (7.18) P = 0.45 (t62 = 0.76) P = 0.014 (t62 =- 2.52) P = 0.002 (t62 =- 3.23) 0.61 (0.93)
P values were derived from a linear mixed model for repeated measures; statistical signiﬁcance was evaluated at P\0.05. LN, low nicotine; HN, high
nicotine
ML condition menthol-low, MM condition menthol-medium, MH condition menthol-high
The signiﬁcant overall stimulation effect is mainly caused by the menthol placebo condition. The comparisons with the menthol placebo condition are not
shown
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nicotine concentration (effect side of stimulation: F = 0.05,
P = 0.83).
Discussion
The purpose of the experiments reported here was to
investigate the interactions between two chemical stimuli,
menthol and nicotine, both of which activate the olfactory
and trigeminal system. More speciﬁcally, we wanted to
know whether menthol at different levels modulates the
perception of the burning and stinging sensations induced
by nicotine stimuli. In order to separate the modulatory
effects from the direct sensory effects produced by these
two compounds, we chose to administer nicotine stimuli
phasically, that is, short stimuli repeated every 1.5 min,
and the modulatory menthol stimuli tonically. This also
helped participants to clearly discriminate between the
intensity of the different sensations they had to estimate. In
the ﬁrst half of the experiment, phasic nicotine stimuli were
applied alone in order to stabilize participants’ estimations
after initial sensitization and desensitization processes.
After this, the tonic menthol stimulus at one of the three
different concentrations was administered for the entire
remainder of the session. Stinging and burning estimates
for nicotine signiﬁcantly decreased during the ﬁrst half of
the experiment reaching the intended stability at perceiv-
able moderate pain levels in the second half with no further
signiﬁcant decrease in pain ratings (Fig. 2, time effect
‘‘during’’ Table 2). Menthol stimulation, at all three con-
centrations used, did not affect nicotine pain perception,
either by reducing or by enhancing intensity estimates for
the stinging or burning sensations. There was one isolated
exception; nicotine’s stinging pain decreased more in
the placebo (no-menthol) condition compared with the
menthol-medium condition (see Fig. 3 bottom row second
panel from the left). Since there are visible differences in
baseline—although not statistically signiﬁcant—this sin-
gular statistical result is probably irrelevant and clearly
does not justify a statement that menthol could increase
nicotine-induced pain perception.
Surprisingly, nicotine stimuli eliminated the concentra-
tion dependence of intensity ratings for menthol’s odor and
cooling sensations, but not for pain sensations. However,
this modulation was only exerted by high nicotine con-
centration. In the case of weaker concomitant nicotine
stimuli, concentration-dependent ratings could be observed
for all intensity estimates of menthol’s odor, cooling and
pain sensations. We do not know to what extent the weaker
nicotine stimuli might have affected menthol’s perception,
because a zero nicotine condition was not included in the
study design. As already mentioned, this observation came
to our surprise and was not theoretically anticipated.
Effects of sex, nasal congestion and pharmacology
The study population was balanced for sex but the protocol
was not designed to investigate the differences in sex spe-
ciﬁcally.Nevertheless,weobservedlowerpainestimatesfor
nicotine- and menthol-induced pain in females compared
with males but only in the weaker nicotine stimulation
condition.Intheliterature,examinationofdifferencesinsex
forpainintensityperceptionseemstobeinconclusive.There
are reports of a higher (Cometto-Muniz and Noriega 1985;
Shusterman 2002; Olofsson and Nordin 2004), as well as a
lower (Nunez et al. 1997; Hashmi and Davis 2009; Breim-
horst et al. 2011), pain sensitivity in females. We do not
believe that, in this study, the lack of nicotine’s pain modu-
lation by menthol was dependent on this effect of sex, as it
waslackinginbothconditions,thatis,whenstimulatingwith
high and low nicotine levels.
Table 4 Summary of linear trend analysis for intensity estimates of menthol sensations for both nicotine stimulus conditions by menthol
concentrations
Menthol
concentration
Low nicotine High nicotine
Odor Cooling Pain Odor Cooling Pain
Mean (95 % CI) Mean (95 % CI) Mean (95 % CI) Mean (95 % CI) Mean (95 % CI) Mean (95 % CI)
Low 46.50
(40.73, 52.29)
65.02
(59.83, 70.20)
17.21
(12.82, 21.60)
60.45
(54.11, 66.78)
72.10
(66.61, 77.59)
14.16
(11.09, 17.23)
Medium 60.58
(55.07, 66.09)
84.88
(79.95, 89.81)
9.76
(5.58, 13.94)
57.82
(51.31, 64.32)
74.10
(68.47, 79.72)
9.27
(6.12, 12.41)
High 65.52
(59.91, 71.12)
94.38
(89.37, 99.40)
31.86
(27.56, 36.17)
56.92
(50.40, 63.44)
74.33
(68.69, 79.97)
30.12
(26.93, 33.29)
P-trend P\0.0001
F = 21.49
P\0.0001
F = 63.91
P\0.0001
F = 21.91
P = 0.45
F = 0.58
P = 0.58
F = 0.31
P\0.0001
F = 50.26
Values shown as least-square mean (95 % conﬁdence intervals). P values for trend were derived from a general linear model; statistical
signiﬁcance was evaluated at P\0.05
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123Nasal congestion may result in different adaptation
processes which may have inﬂuenced our data. However,
the reported ﬁndings were obtained during steady-state
nicotine pain perception (second half). Interestingly, there
was only a tendency to higher congestion on the stimulated
side and only in the case of lower-level nicotine stimula-
tion. Since the lack of pain modulation by menthol was
observed with and without congestion, we do not think that
congestion is a relevant confounder. Also, we are not aware
of a mechanism that would explain the marginal congestion
inﬂuences on menthol’s odor and cooling perceptions but
not on its pain perception (see ‘Nicotine’s action on men-
thol estimates’).
We cannot rule out the possibility that an unspeciﬁc
pharmacological effect occurred through the modulation of
central nervous system activity by the portion that might
have been absorbed through the nasal mucosa, because we
did not measure plasma concentrations of nicotine. On the
other hand, it could be expected that a more uniform
development of the potential unspeciﬁc effects from low-
to-high nicotine concentrations was similar for all sensory
channels, but not the observed switch from discrimination
to the lack of discrimination between different stimulus
strengths, which, moreover, was dependent on the sensory
channel, that is, true for odor and cooling, but not true for
pain.
Interestingly, Rosenblatt et al. (1998) found that smok-
ers had elevated thresholds for nicotine stimuli, when
sniffed from a vial, compared with non-smokers, but not
for menthol. Abstinence from smoking (16–20 h) lowered
the threshold but not to the level of non-smokers. Our study
population consisted of smokers only, so we conclude that
this phenomenon did not inﬂuence our data. In addition, we
conducted our study following a cross-over design, so any
variation in threshold should have been equally distributed
across experimental conditions.
Menthol’s action on nicotine estimates
It is known that menthol activates recombinant mouse
TRPA1 channels at low concentrations and inhibits them at
higher concentrations; however, this does not seem to be
the case for human TRPA1 channels (Xiao et al. 2008).
Our human data support this as we do not have any indi-
cation that high concentrations of menthol would result in
decreased pain perception. Despite the fact that nicotine
and menthol both activate TRPA1 channels (Talavera et al.
2009), this potential competition did not result in a mod-
ulation of perceived pain intensities in either the sensitizing
or the potential inhibitory/desensitizing direction. Levels of
nicotine used in this study probably did not reach con-
centrations in the mucosa that are required to activate
TRPA1 channels (Talavera et al. 2009), eliminating the
potential for interaction. Hence, the perceived burning and
stinging sensations of nicotine stimuli most likely origi-
nated from the activation of nAChRs (Thuerauf et al.
2006). So far, there are no published data on a potential
interaction of menthol with nicotine at the nAChR. Due to
the lack of evidence from our psychophysical data, there is
no reason to postulate such an interaction.
Nicotine’s action on menthol estimates
Although this study was not designed to investigate the
effects of nicotine stimuli on the perception of menthol
stimulation, the effect of eliminating participants’ dis-
crimination of different menthol levels for odor and cool-
ing by the strong nicotine stimuli seemed to be robust. The
question about the underlying mechanisms, that is, where
in the information processing chain did this happen and
how, cannot be answered on the basis of these data.
However, since the effect occurred in two different sensory
systems, there is room for some speculation. The loss of
discrimination of menthol’s different concentrations was
observed in the olfactory and TRPM8-related somatosen-
sory system but not in the TRPA1- and nAChR-related
nociceptive system (see above). Interactions of this kind
could chieﬂy take place in the periphery or central nervous
system.
For the periphery, there is the possibility that nicotine
exerts a, to date, unknown modulation of (a) olfactory
receptors that are sensitive to menthol and (b) of TRPM8
channels. Both modulations require a higher rather than a
lower level of nicotine. A possible explanation for the lack
of an effect on pain is that (c) nicotine, at the concentra-
tions used in this experiment, is not a competitor of men-
thol at the TRPA1 channels, so the nicotine stimuli at the
levels used only activated nAChRs.
In a recent study in mice using plethysmography as a
surrogate for airway irritation, menthol had an inhibitory
effect on acrolein, acetic acid and cyclohexanone-induced
nociception (Willis et al. 2011). Since all these compounds
activate TRPA1 channels and we believe that the nicotine
concentrations in our study were not high enough to
stimulate TRPA1 channels, these results do not help us to
interpret our data nor do they contradict our ﬁndings.
Next to potential peripheral interactions at the receptor
level, there are possibilities for interactions across sensory
channelsbasedonaxonreﬂexesaswell(Bayliss1901;Silver
and Finger 2009). Indeed, studies in rats have demonstrated
that some trigeminal ganglion cells with sensory endings in
the nasal epithelium also have branches reaching directly
into the olfactory bulb and even into the spinal trigeminal
complex(Schaeferetal.2002).Theseuniquemorphological
structures could be the substrate for the modulation of
incoming sensory information with respect to smell, pain,
Exp Brain Res (2012) 219:13–26 23
123temperature and touch. It is thought that axon reﬂexes,
initiatedwherecollateralsbranchofftheafferentnerve,could
modify the sensitivity of peripheral receptive structures by
the release of peptides such as substance P and calcitonin
gene–related peptide (CGRP) in the tissue innervated by
these collaterals. Indeed, it has been found that electrical
stimulation of the ethmoidal nerve inhibits olfactory bulb
activity in cats and rabbits (Kerr and Hagbarth 1955; Stone
et al. 1968). In Andre Holley’s laboratory, stimulationof the
trigeminal nerve was also found to inhibit olfactory receptor
cell activity (Bouvet et al. 1987). In humans, there are a
numberofreportsofinteractionsbetweenthesomatosensory
and olfactory systems that seem to be inhibitory if both
stimuli were applied in a close temporal context (Cain and
Murphy 1980; Brand 2006). In our laboratory, we tried to
ﬁnd interactions between these two systems in humans by
electrical stimulation of the facial skin on the perception of
olfactory stimuli, but were unsuccessful (Livermore et al.
1993).Fortheresultsdescribedinthispaper,wedonotthink
that they ﬁt into an axon reﬂex type of mechanism. Our data
revealadose-dependentinteractionbetweennicotinestimuli
and menthol’s odor and cooling intensity perceptions. This
interaction is speciﬁc, because menthol’s pain intensity
perception is excluded, although the nociceptive neuronal
activity should pass through the same spinal trigeminal
complex as the cooling information. Also, there is not just
inhibition as one might expect from previous work, but a
differentiated inﬂuence: (1) increase in the intensity esti-
mates for the weaker menthol stimulus (on odor and cool-
ing), (2) no effect on the estimates for the menthol-medium
stimulus and (3) a reduction in intensity estimates for the
strong menthol stimulus (on odor and cooling). To our
knowledge, there is no mechanism based on axon reﬂexes
that could explain these divergent phenomena. Hence, we
favor a more central location of the observed interactions.
For the central nervous system, one could assume that
information about noxious stimuli is the most relevant
input for the organism so that, at more intense pain per-
ception, the smell or cooling information is less relevant
for the integrity of the organism and therefore while still
perceived, will not be differentiated. In the case of lower
pain perception from the less concentrated nicotine stimuli,
the discrimination between different intensities of cooling
and odor is retained, because of their relatively higher
relevance. This would represent a modulation of selective
attention, which has been shown to affect pain perception
(Marchand and Arsenault 2002; Villemure and Bushnell
2002) but not, to our knowledge, cooling and odor per-
ception by competing pain. However, a study where par-
ticipants were exposed to visual and noxious heat stimuli
found that attention was preferentially shifted to the painful
stimulus (Miron et al. 1989), which supports our interpre-
tation that, in case of competing sensory information, pain
processing wins (Bain 1868). However, both hypotheses—
the peripheral and the central—warrant further investiga-
tions. In order to determine whether the observed effects
are peripheral or central, it would be advisable to conduct a
study in which recordings are obtained from peripheral
sensory structures. Fortunately, such recording techniques
are available: The electro-olfactogram (EOG) is a sum-
mated generator potential of olfactory receptor cells (Kobal
1981; Hummel et al. 1996) and therefore can be used to
demonstrate peripheral olfactory effects. The negative
mucosa potential (NMP) that correlates with somatosen-
sory activities is a peripheral response as well (Kobal 1985;
Thurauf et al. 1993). We plan to further analyze the
observed phenomena by using both recording techniques
combined with chemosensory evoked potentials (Lo ¨tsch
et al. 1997; Knecht and Hummel 2004). A zero nicotine
condition needs to be included as well in order to show the
total modulatory effect of nicotine on menthol intensity
perception.
In summary, results from this study demonstrate that
stinging and burning intensity estimates for repeated phasic
nicotine stimuli signiﬁcantly decreased during the ﬁrst half
of the experiment. Additional continuous menthol stimu-
lation did not alter the nicotine-induced steady-state pain
sensations. Surprisingly, there was a nicotine effect on the
menthol odor and cooling sensations, indicating potential
modality-speciﬁc interactions at peripheral receptors or
selective attention-related interactions at higher levels in
the central nervous system.
Acknowledgments The authors would like to thank all participants
for their involvement and patience. We also thank R. S. Muhammad-
Kah for statistical assistance, Dr G. Kobal for helpful advice (both:
Altria Client Services Inc., Richmond, VA, USA) and Dr P. W. Reeh
(Department of Physiology and Pathophysiology, University of
Erlangen-Nu ¨rnberg, Germany) for his supportive comments on the
manuscript. This work was supported in part by Altria Client Services
Inc. (Richmond, VA, USA) and by a grant from the Ministry of
Science Technology and Innovation (2004, University of Aarhus,
Denmark) awarded to K. Schreiber. Editorial assistance was provided
by Elements Communications Ltd, UK.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
Alimohammadi H, Silver WL (2000) Evidence for nicotinic acetyl-
choline receptors on nasal trigeminal nerve endings of the rat.
Chem Sen 25:61–66
Bain A (1868) The senses and the intellect. London
Bayliss WM (1901) On the origin from the spinal cord of the vaso-
dilator ﬁbres of the hind-limb, and on the nature of these ﬁbres.
J Physiol 26:173–209
24 Exp Brain Res (2012) 219:13–26
123Bouvet JF, Delaleu JC, Holley A (1987) Olfactory receptor cell
function is affected by trigeminal nerve activity. Neurosci Lett
77:181–186
Brand G (2006) Olfactory/trigeminal interactions in nasal chemore-
ception. Neurosci Biobehav Rev 30:908–917
BreimhorstM,SandrockS,FechirM,Hausenblas N,GeberC,Birklein
F (2011) Do intensity ratings and skin conductance responses
reliably discriminate between different stimulus intensities in
experimentally induced pain? J Pain 12:61–70
Cain WS, Murphy CL (1980) Interaction between chemoreceptive
modalities of odour and irritation. Nature 284:255–257
Cliff MA, Green BG (1994) Sensory irritation and coolness produced
by menthol: evidence for selective desensitization of irritation.
Physiol Behav 56:1021–1029
Cometto-Muniz JE, Noriega G (1985) Gender differences in the
perception of pungency. Physiol Behav 34:385–389
Dalton P, Doolittle N, Nagata H, Breslin PA (2000) The merging of
the senses: integration of subthreshold taste and smell. Nat
Neurosci 3:431–432
Dessirier JM, O’Mahony M, Carstens E (2001) Oral irritant properties
of menthol: sensitizing and desensitizing effects of repeated
application and cross-desensitization to nicotine. Physiol Behav
73:25–36
Diamond J, Breslin PA, Doolittle N, Nagata H, Dalton P (2005)
Flavor processing: perceptual and cognitive factors in multi-
modal integration. Chem Sen 30(Suppl 1):i232–i233
Doty RL, Brugger WE, Jurs PC, Orndorff MA, Snyder PJ, Lowry LD
(1978) Intranasal trigeminal stimulation from odorous volatiles:
psychometric responses from anosmic and normal humans.
Physiol Behav 20:175–185
Finger TE, Bottger B (1993) Peripheral peptidergic ﬁbers of the
trigeminal nerve in the olfactory bulb of the rat. J Comp Neurol
334:117–124
Hashmi JA, Davis KD (2009) Women experience greater heat pain
adaptation and habituation than men. Pain 145:350–357
Hummel T, Livermore A, Hummel C, Kobal G (1992) Chemosensory
event-related potentials in man: relation to olfactory and painful
sensations elicited by nicotine. Electroencephalogr Clin Neuro-
physiol 84:192–195
Hummel T, Knecht M, Kobal G (1996) Peripherally obtained
electrophysiological responses to olfactory stimulation in man:
electro-olfactograms exhibit a smaller degree of desensitization
compared with subjective intensity estimates. Brain Res 717:
160–164
Johnson BN, Sobel N (2007) Methods for building an olfactometer
with known concentration outcomes. J Neurosci Methods 160:
231–245
Karashima Y, Damann N, Prenen J, Talavera K, Segal A, Voets T,
Nilius B (2007) Bimodal action of menthol on the transient
receptor potential channel TRPA1. J Neurosci 27:9874–9884
Kerr DI, Hagbarth KE (1955) An investigation of olfactory centrif-
ugal ﬁber system. J Neurophysiol 18:362–374
Knecht M, Hummel T (2004) Recording of the human electro-
olfactogram. Physiol Behav 83:13–19
Kobal G (1981) Elektrophysiologische Untersuchungen des mensch-
lichen Geruchssinnes. Thieme, Stuttgart
Kobal G (1985) Pain-related electrical potentials of the human nasal
mucosa elicited by chemical stimulation. Pain 22:151–163
Kobal G, Hummel T (1989) Brain responses to chemical stimulation
of trigeminal nerve in man. In: Green BG, Mason JR, Kare MR
(eds) Chemical senses, irritation, vol 2. Marcel-Dekker, New
York, pp 123–129
Kobal G, Plattig KH (1978) [Objective olfactometry: methodological
annotations for recording olfactory EEG-responses from the
awake human]. EEG.EMG.Z.Elektroenzephalogr. Elektromyogr
Verwandte Geb 9:135–145
Kobal G, Hummel C, Nuernberg B, Brune K (1990) Effects of
pentazocine and acetylsalicylic acid on pain-rating, pain-related
evoked potentials and vigilance in relationship to pharmacoki-
netic parameters. Agents Act 29:342–359
Kobal G, Renner B, Hilberg O, Ayabe-Kanamura S, Parvez L (2000)
Speciﬁc and unspeciﬁc nociceptive channels in the common
chemical sense: new evidence for polymodal chemical nocicep-
tors in the trigeminal system. Chem Sen 25(5):623
Kreslake JM, Yerger VB (2010) Tobacco industry knowledge of the
role of menthol in chemosensory perception of tobacco smoke.
Nicotine Tob Res 12(Suppl 2):S98–S101
Liu L, Zhu W, Zhang ZS, Yang T, Grant A, Oxford G, Simon SA
(2004) Nicotine inhibits voltage-dependent sodium channels and
sensitizes vanilloid receptors. J Neurophysiol 91:1482–1491
Livermore A, Hummel T, Pauli E, Kobal G (1993) Perception of
olfactory and intranasal trigeminal stimuli following cutaneous
electrical stimulation. Experientia 49:840–842
Lo ¨tsch J, Hummel T, Kraetsch H, Kobal G (1997) The negative
mucosal potential: separating central and peripheral effects of
NSAIDs in man. Eur J Clin Pharmacol 52:359–364
Marchand S, Arsenault P (2002) Odors modulate pain perception: a
gender-speciﬁc effect. Physiol Behav 76:251–256
McKemyDD,NeuhausserWM,JuliusD(2002)Identiﬁcationofacold
receptor reveals a general role for TRP channels in thermosensa-
tion. Nature 416:52–58
Miron D, Duncan GH, Bushnell MC (1989) Effects of attention on the
intensity and unpleasantness of thermal pain. Pain 39:345–352
Nunez M, Miralles ES, Boixeda P, Gomez F, Perez B, Abraira V,
Ledo A (1997) Iontophoresis for anesthesia during pulsed dye
laser treatment of port-wine stains. Pediatr Dermatol 14:397–400
Olofsson JK, Nordin S (2004) Gender differences in chemosensory
perception and event-related potentials. Chem Sen 29:629–637
Peier AM, Moqrich A, Hergarden AC, Reeve AJ, Andersson DA,
Story GM, Earley TJ, Dragoni I, McIntyre P, Bevan S,
Patapoutian A (2002) A TRP channel that senses cold stimuli
and menthol. Cell 108:705–715
Renner B, Meindorfner F, Kaegler M, Thurauf N, Barocka A, Kobal
G (1998) Discrimination of R- and S-nicotine by the trigeminal
nerve. Chem Sen 23(5):602
Renner B, Clarke G, Grattan T, Beisel A, Mueller C, Werner U,
Kobal G, Brune K (2007) Caffeine accelerates absorption and
enhances the analgesic effect of acetaminophen. J Clin Pharma-
col 47:715–726
Rosenblatt MR, Olmstead RE, Iwamoto-Schaap PN, Jarvik ME
(1998) Olfactory thresholds for nicotine and menthol in smokers
(abstinent and nonabstinent) and nonsmokers. Physiol Behav
65:575–579
Schaefer ML, Bottger B, Silver WL, Finger TE (2002) Trigeminal
collaterals in the nasal epithelium and olfactory bulb: a potential
route for direct modulation of olfactory information by trigem-
inal stimuli. J Comp Neurol 444:221–226
Shusterman D (2002) Individual factors in nasal chemesthesis. Chem
Sen 27:551–564
Silver WL, Finger TE (2009) The anatomical and electrophysiolog-
ical basis of peripheral nasal trigeminal chemoreception. Ann
NY Acad Sci 1170:202–205
Stone H, Williams B, Carregal EJ (1968) The role of the trigeminal
nerve in olfaction. Exp Neurol 21:11–19
Talavera K, Gees M, Karashima Y, Meseguer VM, Vanoirbeek JA,
Damann N, Everaerts W, Benoit M, Janssens A, Vennekens R,
Viana F, Nemery B, Nilius B, Voets T (2009) Nicotine activates
the chemosensory cation channel TRPA1. Nat Neurosci 12:
1293–1299
Thuerauf N, Kaegler M, Dietz R, Barocka A, Kobal G (1999) Dose-
dependent stereoselective activation of the trigeminal sensory
system by nicotine in man. Psychopharmacology 142:236–243
Exp Brain Res (2012) 219:13–26 25
123Thuerauf N, Kaegler M, Renner B, Barocka A, Kobal G (2000)
Speciﬁc sensory detection, discrimination, and hedonic estima-
tion of nicotine enantiomers in smokers and nonsmokers: are
there limitations in replacing the sensory components of
nicotine? J Clin Psychopharmacol 20:472–478
Thuerauf N, Markovic K, Braun G, Bleich S, Reulbach U, Kornhuber
J, Lunkenheimer J (2006) The inﬂuence of mecamylamine on
trigeminal and olfactory chemoreception of nicotine. Neuropsy-
chopharmacology 31:450–461
Thurauf N, Hummel T, Kettenmann B, Kobal G (1993) Nociceptive
and reﬂexive responses recorded from the human nasal mucosa.
Brain Res 629:293–299
Thurauf N, Renner B, Kobal G (1995) Responses recorded from the
frog olfactory epithelium after stimulation with R(?)- and S(-)-
nicotine. Chem Sen 20:337–344
Villemure C, Bushnell MC (2002) Cognitive modulation of pain: how
do attention and emotion inﬂuence pain processing? Pain
95:195–199
Willis DN, Liu B, Ha MA, Jordt SE, Morris JB (2011) Menthol
attenuates respiratory irritation responses to multiple cigarette
smoke irritants. FASEB J 25:4434–4444
Xiao B, Dubin AE, Bursulaya B, Viswanath V, Jegla TJ, Patapoutian
A (2008) Identiﬁcation of transmembrane domain 5 as a critical
molecular determinant of menthol sensitivity in mammalian
TRPA1 channels. J Neurosci 28:9640–9651
26 Exp Brain Res (2012) 219:13–26
123